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ABSTRACrl’

‘I+hc most recent approilch  to the Space lnfrarcd Tclescopc  Facility (SIRTF) uses a
ncw cicsign  concept in which the tc]cscope  is Iaunchccl warm and subsequently cooled to
operating temperature on orbit. At launch, the cryostat is at 2 K and the telcscopc is at
room temperature. Cooldown  of the telescope will bc accon~plishcd  initially through
radiation to space. l:inal cooldown  to {hc 5.5 K operating tcmpcraturc is done with helium
vapor. initially, the helium flow on orbit will be 20 to 30 times larger than required for
steady-state operation. The vent lim ‘an(i  the liquid/vapor phase separator (porous plug)
thcrcforc must accommodate a large dynamic operational ] angc.

l;or ground testing of 11< instrunicnts,  the required tcmpcraturc is 1.5 K. The helium
tank tcmpcraturc for both ground testing and space opel ations thus needs to bc at 1.4 K.
Wc present a discussion of the requirements, a conceptual design, and initial laboratory test
results with candidate porous plugs and associated illstl-llll]c~ltatio]~.  A discussion of
possible connections to the design of the Gravity l’mbc-l 1 cryostat wil I bc presented also.

IN’I’l{OI)lIC’I’1  0N”

‘ Satellites requiring superfluid helium (1 IC 1 I) for cooling of their infrared detectors have
proven their usefulness through astrophysical obscrvatio]ls  performed in space. onc of the
earlier successful missions was the infrared Astronomical Satellite 1 (1 RAS). The mission
lasted 300 days and the lcmpcraturc of the cryostat (approximately 1.8 K) was controlled
through the usc of a porous plug as the liquici/vapor phase separatol. “1’hc design of the
venting systcm allowed a limited range of flow rate, but it was dcsi:,ned sufficiently broad
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that tile flow-rate variation after the launch was accmlmociatcd  very smoothly. ‘1’hc
tcmpcraturc stability was very good and no oscillations in the tcmpc~aturc of the cryostat
were [ictcctcd. ‘1’hc Cosmic Background I;xplorcr (COBI 1) dcwar 2 used a porous plug as
the 1 IC 11 liquici/vapor  phase separator as well, but the cryostat tclnpcraturc underwent a
number  of oscillations. Such temperature oscillations should not occur in the Gravity
l’robe-]~ (icwar.3  “1’hc rcquirclncnt  for the larger range of flow nccctcd for that dcwar will bc
rcflcctcd  in a ratio of about 1:4, but the same 1.8 K temperature must bc maintained.

‘1’hc I;uropcan  Space Agency so far has produced the largest-volume cryostat for a
spacecraft, with a helium volume of over 2100 liters il] the Infrared Sj>acc  Observatory
(1S0). “J’bat launch is planned for September 1995, from Kourou, using the Ariannc  44p
rocket. :.

Tbc currently puriured  version of the Space ]nfiarcd Telescope P’acility (SIRTF), as
successor to IRAS and 1S0, will usc the so-called “warm” launch concept.4 The telescope
will be warm (ground ambic]]t temperature) at launch and will be cooled in flight both by
radiation to space and by the redirected cool helium vapor from the cryostat. The
requirements on the porous plug/vent system origi ]latc from the need fbr a large flow after
launch and after the telescope shields have cooled by radiation. ‘Ihcrcfc)rc, the rcquircmcnt,
in particular on the I IC 11 liquid/vapor separator is to perform its function within the range
of 1.8 i. 0.2 K to 1.4 K, but with a mass flow ransc  of 0.4 mg. scc-’ to ‘- 11 mg. scc-l.

‘1’hc characterization of the candidate stainless-steel porous plug IIas been explored so
far between 2.1 K and 1.6 K 5, with plans to extend tests down to 1.4 K, to determine if
only one porous plug could cover the whole range. l’hc indications arc that it might, with
very careful and precise attention given to characterization in its area, in particular .

‘l’ltSrl’ AI’I’ARA1’US AND PROCKI)URK

lcxpc’1-imcJltal  setup

A schematic illustration of the experimental setup is shown in l:ij-ymc  1. The porous
plug un(ier test is fixed at the botto]n  of tbc evacuation pipe with a leak-tight iridium seal.
“1’hc evacuation pipe is connected to the vacuum pump to simulate the vacuum of space.
The temperature of the helium 11 in the helium bath, ‘1’}], is controlled by a prcssurc-
rcgu]ating valve connected to the evacuation pump for the main bclium bath. l’hc bath
temperature, ‘1’[{, ,and the ‘downstream-side temperature of the polous plug, ‘1’,,, arc
mcasurcct by germanium resistance thcrmomctcrs  (GR’I’s) excited by a 10 microamp  DC
current. l’hc bath pressure, 1)1], and the downstream pressure, PI,, arc obtained by reading
pressure meters; accurate pressure ciiffcrcnccs are measured by a precision piezo resistive
pressure transducer (IiND1lVCO X Model 853( IA- 15). Tbc volumetric flow rate is
measured by a 1 IASTING Model lII;M 2001 I flQ~ meter located at the exhaust side of the
evacuation pump. The mass flow rate is obtained by multiplying the mcasurccl volumetric
flow rate by the density of helium gas under atmospheric conditions. ‘J’hc mass flow rate
and the downstream pressure, 1)1), arc control]c(i  by a control valve.
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Figure 1. Schcnuttic  illustr’atiol~  of 1 Ic 1 I cxpcrimcatal  setup

‘]”(ls~s rJf porous  l’lugs

A candidate test porous  plup, is made of sintercd stainless steel (1’crmaflow,  Inc.) and
I]as tllc following parameters:

diameter, d 25.4 x 1 ()”3 metcl-S

thickness, I — 6.3 x 10-3 mctcl”s

porosity, c. = 0.21 “

pcmlcability, KII = 3.92 x 10-14 mctcrs2

mean pore radius = 4.1 x 1 ()-6 lnctcrs
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where lhc permeability, 7c1), is measured using helium gas at mom temperature. The
cf’fcctivc cross-scctiona]  area, A, is 3.84 x 10”4 ]llctcrs~, because the iridium closes some
porcson  tl]cstlrfacc  oftl]c~>orot]s  l~ll]g.

]’crmcability,  KII, at 1.’)S K is mcasurcci  by usin:: bclium gas. ]11 this case, K[, is
obtained fI”OIll

()~ ~Pmom731 _?_
r’

PI.73’4 Al’
(1)

llCI-C, t h e  p ,  II, and V,, rcprcscnt density, viscosity, and volumetric flow rate,.
rcspcctivcly. “1’hc s u b s c r i p t s  S00 a n d  1.721 ilidicatc the roo]]l-tcil]l>cl-atl]rc  and low-
tcmpcraturc ( 1.7S K) values rcspcctivcly.  In this case, wc obtain

Kp ‘-~  4.4 x 10-]4 mc,tcr? (2)

This value is almost tbc same as the value measured at mom temperature. The
permeability measured also at room tcmpcraturc  llsing air works out to bc KI, == ~ .98 x 10-14
mctcr2. l’bus, it is found t}lat  tbc permeability dots not cicpcnd  on gas type or on
tcmpcrat{lrc.

Expct-imcntal  Data ancl Analysis

lixpcrimcnts have been carried out to investigate tllc fupdamcntal  characteristics of
stca(iy flow tbrougb  the candidate porous p]ug. “1’bc  cxpc’rimcntal  data for mass flow rate,
m, arc shown ploticd against tbc pressure diffcrcncc,  AI’, and tclnpcraturc  diffcrcncc, AT,
in ]“igurcs 2 and ~. It is found that’ the mass flow rate bccomcs  smaller as the batb
tcmpcrat  urc dccrcascs.  Three different flow regions can bc observed from tbcsc figures, and
it can bc noted that a limit to mass flow rate seems to exist in tbc bigb-pressure diffcrcncc
region. II) the initial region, IIIC mass flow rate incucascs even tbougb  tbc pressure diffcrcncc
is Very small. Wc also note that there exists bystcrcsis ill tbc mass flow rate. W}lctI tbc
mass flow rate is increasing, the data yields the upper branch. WC call that branch the
“nonlinear region”. WhcIl the mass flow rate is dccrcasing,  it yields tllc lower branch, wbicb
wc call tbc “linear region. ”

Wbcl] a phase scparalor is successfully opcl-atc(i a]~d relatively high pressure and
tcmpcraturc diffcrcnccs  arc crcatcd  across the plug, the iiquidkapol-  boundary may bc
Iocatcd somcwbcrc within tile porous piug. l’bc cxpcrimcnta]  data arc compared with the
cqufltion,

(3)
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n,,, “ 1:),,:/1 + /)gh +- ~;- COS(EI) -- @A’/; (4)

1 lcrc, I’,,t stands for the saturation vapor pressure of the liquidA’apor boundaly in a
porous plug. ‘1’hc A-I’2 rcprcscnts the tcmpcraturc ctiffcrcl  ice bctwccn  the helium bath and
tllc liquid/vapor boun(tary  in a porous plug and S and 1. rcprcscnt entropy and latent heat
of vaporization respectively. The subscripts v and n arc the vapor and normal fluid
component while a, g, and O arc the surface tension of I Ic 11, the acceleration duc to
gravity, and the contact angle bctwccn  liquid and wall fol the porous plug. I lcrc, h is the
Icngth  from the liquidhapor  boundary in the bath to the bottom of a porous plug. The
mo(l’) shows an additional mass flow rate caused by radiant heating at the downstream side
of the porous plug, which would, in general, bc a function of tcmpcraturc.

Writing the equation in the form shown allows us to consider sepal-atcly the effects of
the liquid and the vapor on the total mass flow rate. ‘1’hc slope of the curve derived from
the cxpcrimcntal  data in the linear region can bc comparcci with the theoretical prediction
showil in l~igurc 4. The solid Iinc shows the flow conductance of the vapor phase and the
Iwokc]l  Iinc shows that of the ]iquid phase. The cxpcI imcntal  data arc always Iocatcd
bctwccn Ihcsc two lines, but fall near the solid line. Figure 4 suggests that the effect of the
vapor pllasc is nlLlch  more dominant than that of the liquid phaSC 111 rc]ativcly  high
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pl”cssu[c- and tcl]ll)cratllrc-diffcrcllcc conditions. ‘1’his figure also suggests that the
hysteresis will bccomc small as the bath tcmpclaturc (iccrcascs.  ‘1’his feature, in fact, is
observed ill l;igurcs2  ami ~,

Wcaiso  investigated tbc initial tcgion,  the fcaturc ofhystcrcsis, amithc influence of
l]rcsst]rc i]caddt]cto  gravity; thcscrcsults arcdcscribcd  intbc Sumtnaly.  A morcdctailcd

[discussion isprcscntcci  in Rcfcrcncc5.

Summary of thcrJ’csts

‘1’hc basic characteristics ofa porous plug have been invcstigatwi  and ti~c foliowing
observations have been Hladc:

1. ‘J’hrcc different flow regions are observed fro]n tilis cxpcri]mmt  and a limit of
mass flow rate seems to exist for the large pressure differences.
2. In the initiai region, it can be eonsidcrc.(i that a tiqui(i/vapor  phase boundary is
aiways located at tbe downstream surface of a porous plug.
~. “1’i~c nonlinear region and the linear region boli] cxi]ibit  hysteresis. ‘i’hc Iincar
region is relatively stable compared with the no]iiincar region. ‘J’hc hysteresis is
i>ro(iuced  by variations in capillary forces caused by changing contact amgies.
4. ‘l”hc effect of the vapor phase is more ciominant tha~l tiuit of ti~c liquid phase
unricr relatively high ‘pressure- and tcmpcraturc-diffcrcncc  con(iitions  in the iincar
rc lion.L
5. “I-hc magnitu(ic  of i~ystcrcsis  bccomcs  s]nali as tile bath temperature decreases.
6. ‘1’i~c effect of i]ycirostatic pressure ciuc to gravity is un(icrstood  from simple
Iil\car theory. ‘1’i~c tbcoretical  predictions show goo(i agrccmcltt  with experimental
( i r e .

CON(;I,[JS1ONS

“1’hc current  da ta  and the allalyscs  show ti~at  tbc wide (iynamie  range of the
iiqui(i/vapor  separator might bc accommodatcci  with onc unit o]lly. As an additional
backup, the beater wili be added to tbc cryostat downstream  from the porous plug to
assure an(i/or speed up tbc tclcscopc  cooldown.  “1’hc rcquircmcnt  for the SIRTF cicwar  at
launch is that tbc launch bc i,nadc with tbc tclcscopc  at grounci  ambient tcmi>crature  while
[he (icwar  is at a temperature of 1.8 ~ 0.2 K. ‘fhc high flow rate is Ilccdcd later to coo!
down ti~c tcicscoi~c in a reasonably short time, before the parasitic i~cat  is reduced due to
tile ]a(iiation shic]d’s  lower tctnpcraturcs  Tbc iong iifctimc wiii be aciiicvcd with the small
I lc consumption of- ().4 mg see-’. The cooldown  might require - 10 pcrccnt of the helium
content present at the time of the launch. . .
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